INTRODUCTION
Although the pathways by which bacteria metabolize aromatic hydrocarbons have been fairly well elucidated, until quite recently the chemical nature of the direct enzymic attack upon the aromatic hydrocarbon has been in some doubt. It was originally proposed that both benzene (McKenna & Kallio, 1965 ) and naphthalene ) are converted to the corresponding trans-1 ,2,-dihydrodiols by the same reactions in both bacterial and mammalian systems. This involves as a first step the formation, catalysed by a reduced nicotinamide nucleotide-dependent mono-oxygenase, of the corresponding I ,2-oxide, which is then hydrated to the trans-dihydrodiol. This mechanism for naphthalene oxidation has been demonstrated in mammalian systems (Jerina, Daly, Witkop, ZaltzmanNirenberg & Udenfriend, 1970) . However, in bacterial systems it has been shown that benzene (Gibson, Koch & Kallio, 1968) , toluene (Gibson, Hensely, Yoshioka & Mabry, 1970) and naphthalene (Jerina, Daly, Jeffrey & Gibson, 1971 ) are converted to the cisdihydrodiols; in the case of benzene by a dioxygenase reaction (Gibson, Cardini, Maseles & Kallio, 1970) .
The results presented here describe some of the properties of the enzyme system catalysing the primary oxidative attack on naphthalene in a Pseudomonas sp., in which the cis-dihydrodiol of naphthalene has been identified as a metabolite (Catterall, Murray & Williams, 1971) . From a comparison with other bacterial oxygenases, it is suggested that its properties are consistent with it being an NAD(P)H-dependent dioxygenase.
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Bacterium and culture. The bacterium used was Pseudonomonas pCt of Evans, Fernley & Griffiths (1969, deposited in the National Collection of Industrial Bacteria as NCIB 9816. The methods of culture upon naphthalene-mineral salts media and harvesting of this bacterium have been described (Catterall et al. 1971 ). Cell-free extracts were prepared by sonic disruption of a suspension of I g. wet weight bacteria in 7 ml. of 50 mM (Na2HP0,-KH2P04) buffer, pH 7.0, for 5 min. at 0" in a IOO W ultrasonic disintegrator (M.S.E. Ltd). Particulate material was removed by centrifuging at 45,ooog for 45 min. at 0 ' . If not required immediately, extract was stored at -25".
Assay of naphthalene oxygenase activity. Oxygen consumption was measured at 30" by a Clark oxygen electrode (Rank Bros., Bottisham, Cambridge) in conjunction with a polarizing unit built by Beaumaris Electronics Ltd, Beaumaris, Anglesey. The instrument was calibrated with standard quantities of O2 and found to give a linear response. The reaction mixture contained NADH (I pmole), FeSO, (0.75 pmole), glutathione (GSH; 1.25 pmole), enzyme solution (0.1 ml.) made up to 2-9 ml. with 50 mwphosphate buffer, pH 7.0. The reaction was initiated by addition from an Agla syringe (Burroughs Wellcome Ltd) of naphthalene (I pmole) as 0-1 ml. of an ethanolic solution. Any endogeneous rate of 0, uptake before addition of the naphthalene was subtracted from the rate in its presence. Ethanol alone did not elicit any detectable increase in rate of 0, uptake.
Enzyme puriJication procedures. All attempts to purify the oxygenase activity were carried out between 0" and 4". All buffers used in the purification contained I mM-GSH. G-200 (Pharmacia Ltd), prepared according to the manufacturers' instructions, in 50 mM-phosphate buffer, pH 7.0, were stored with added sodium azide (0.003 %). When required these suspensions were slowly added to the columns under a pressure head one-third the length of the column and then washed with azide-free buffer.
Batch pur$cation with Sephadex A-50. Sephadex A-50 was swollen for 10 min. in distilled water and equilibrated either with 50 mM-phosphate buffer, pH 7.0, or, for elution by pH gradient, with 50 mwphosphate buffer, pH 6.0. A portion of prepared gel was added to a protein solution, equilibrated for 10 min. with constant stirring and centrifuged at I 5,000 g for 10 min. The activity remaining in the supernatant was assayed and more gel added until no more activity could be detected in the supernatant. The pooled gel was then equilibrated with buffers of increasing ionic strength (50 to 400 mM-Na,SO, in 50 mmphosphate buffer, pH 7.0) or of increasing pH (50 mmphosphate buffers, pH 6.0 to pH 8.0). After equilibration the gel was removed by centrifugation at 15,000 g for 10 min. and the supernatant assayed for activity.
Protein estimation. In cell-free extracts protein concentration was estimated by the biuret method (Gornall, Bardawill & David, I()@), or in more dilute solutions by the method of Warburg & Christian (1942) . For both estimations a standard curve was prepared using solutions of known concentrations of bovine serum albumin (fraction V; Armour Pharmaceutical Co.).
Chemicals. NAD+, NADH, NADP+, NADPH and alumina gel Cy were obtained from Sigma (London) Chemical Co. Ltd. Hydroxylapatite was prepared according to Levin (1962) . Other chemicals were obtained as best available quality from commercial sources.
RESULTS
Stoicheiornetry of assay. Preliminary experiments using manometers showed that oxygen uptake was not a direct and quantitative measure of naphthalene oxygenase activity since it involved the uptake of 2k0.1 pmoles O,/mole of naphthalene. Under the assay conditions the naphthalene is converted to the first ring cleavage product cis-0-hydroxybenzal pyruvic acid, and the oxygen uptake is due to both the primary oxidation of naphthalene and the ring cleavage enzyme, I ,2-dihydroxynaphthalene oxygenase. With NAD+ (I pmole) and an NADH-regenerating system of alcohol (200 pmoles) and alcohol dehydrogenase (50 pl. of suspension) 0, uptake was limited to I molefmole naphthalene since the enzyme prior to ring-cleavage, cis-1 ,2-dihydroxy-r ,2-dihydronaphthalene dehydrogenase, is NAD+-dependent. However, this reaction proved somewhat erratic and the stoicheiometry varied with different preparations both of bacterial extract and of alcohol dehydrogenase. Consequently the indirect assay without regenerating system was routinely used; in the absence of naphthalene oxygenase there can be no uptake of O,, but the precise measure of its activity may be equal to or less than the measured rate.
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Stability of the enzyme. A crude extract (15 to 25 mg. protein/ml.) lost 60 to 70 yo of its activity after 24 h. at 20" and about 30 % at 4" over the same period. Only about 10 yo activity was lost over 3 to 4 weeks in preparations frozen at -2 5 O , but repeated freezing and thawing destroyed all activity within 12 h. All activity was lost on heating at 55" for 5 min.
The rate of loss of activity at 4" was greatly increased upon dilution of the extracts.
Extract diluted tenfold lost 50% activity after 4 h. and 100% after 10 h. Dilution with solutions of bovine serum albumin to maintain the protein concentration at 15 nig/ml. afforded no protection against this loss.
Preparation of extracts in N,-saturated buffers and their storage under N, afforded some protection : only 10 to 20 yo activity was lost after 24 h. at 4" (Fig. I) , but storage under N, offered no protection against loss of activity upon subsequent dilution.
The addition of 10 % acetone to the buffer used in preparing the extracts resulted in an increased rate of inactivation at 4" (Fig. I) .
Reaction with sodium borohydride. When extracts which had become inactive in either phosphate buffer or phosphate buffer containing 10 % acetone were incubated with sodwm borohydride a marked restoration of activity was noted (Fig. I) enzyme rapidly lost its activity, but this could again be restored by anaerobic treatment with NaBH,. However, upon repeated inactivation and reactivation, the activity gradually declined at a rate similar to that in the extract stored under N, (Fig. 2 ) .
Reactivation with other reducing agents. Various other reducing agents restored some activity to partially inactivated extract ( Table I ). All were more effective under anaerobic conditions than under aerobic conditions. In particular all the thiol reagents, with the exception of thioglycollic acid, produced little or no reactivation aerobically but produced significant increases anaerobically. Dithioerythritol was unique in producing a level of of cell-free extract against I m~-o-phenanthroline in 50 mhl-phosphate buffer, pH 7.0, followed by removal of the o-phenanthroline by further dialysis against 50 mM-phosphate buffer (PH 7.0) alone, produced a total loss of activity which could not be restored by addition of either I mM-FeSO, or NaBH, or dithioerythritol aerobically or anaerobically.
Dialysis of extracts against 50 mM-phosphate buffer, pH 7.0, for 10 h. at 4" caused 70 to 80% loss of activity. Treatment of the dialysed extract with NaBH, or dithioerythritol anaerobically restored only 45 yo of the original activity. However, when extract was dialysed for TO h. against 50 mM-phosphate buffer, pH 7.0, containing either I mM-GSH, I mMdithioerythritol or 10 mmcysteine it lost no more activity than an undialysed sample kept at the same temperature for the same time. For this reason buffers employed during purification procedures routinely contained I mM-GSH.
SpeciJicity. Under the conditions of the assay a number of polynuclear aromatic compounds elicited O2 uptake by cell-free extracts ( Table 2) .
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Purification of naphthalene oxygenase. Because of the rapidity with which the enzyme was inactivated on standing, and the effectiveness of the reactivation produced by incubating under anaerobic conditions with dithioerythritol, all fractions obtained during the purification were treated in t h s manner before assaying for activity. Table 2 . SpeciJicity of oxidation by cell-free extracts
The assay system was as given under Methods with the substitution of specified compound for naphthalene. These compounds were added as either 0-1 ml. of a 10 mM solution in the indicated organic solvent or as 5 pmoles of solid.
Relative activity (as yo activity on Substrate naphthalene) Naphthalene" 2-Methylnaphthalene" Anthracenea Phenanthrene" Indolea I ,2-Dihydronaphthalene" Quinolinea Mesitylene" P yrenea Fluorene" The following elicited no 0, uptake : benzene", I ,2-benzopyrene,b I ,2-benzanthracene,a chrysene? coronene,C 3,4,5,6-dibenzphenanthrene,b pentacene,b perylene.c a As solution in ethanol. b As solid. C As solution in benzene. By cross-mixing all the fractions in all possible combinations, no activity was found which was greater than that calculated assuming one protein component only distributed between the two active fractions.
(i) Sephadex
When the pooled 30 to 50% fractions were applied to large columns (30x I cm. or 90 x I cm.) containing Sephadex G-75, G-IOO or G-zoo no activity was found in any of the fractions, even after anaerobic treatment with dithioerythritol and cross-mixing the fractions; this can be attributed to the much greater rate of inactivation upon dilution. Active fractions could only be obtained using small columns (15 x I cm.) of Sephadex G-75, collecting 2 ml. fractions manually and assaying immediately for activity. The stoicheiometry of 0, uptake for each of the three fractions which contained activity was 2 moles/mole of naphthalene, indicating that the early enzymes of the pathway had not been resolved. Further purification was not successful because activity was lost completely after adsorption on to Sephadex A-50 and after batch or column chromatographic resolution on hydroxylapatite or alumina gel Cy. Inactivation probably occurred at the adsorption interfaces since the activity of the active Sephadex G-75 fractions were not adversely affected by any of the buffers which were used to attempt to elute the activity from the adsorbents. The final purification scheme is shown in Table 3 .
DISCUSSION
Naphthalene oxygenase is very similar to catechol 2,3-oxygenase (metapyrocatechase) from Pseudomonas sp. (Kojima, Itada & Hayaishi, 1961) in both its inactivation in air and subsequent reactivation by reducing agents, and in its inhibition by o-phenanthroline and a,a'-dipyridyl. Metapyrocatechase is a metalloenzyme containing three essential Fe2+ ions at the active site, and thiol groups also play some part in its activity (Nozaki, Ono, Nakazawa, Kotani & Hayaishi, 1968) ; the loss of activity and subsequent reactivation have been attributed to oxidation and reduction of these Fe2+ ions. The pronounced similarity in these properties between the naphthalene oxygenase and metapyrocatechase is strong circumstantial evidence that naphthalene oxygenase is like metapyrocatechase and the similar ring-cleavage oxygenase from Pseudomonas ovalis, 3,4-dihydroxyphenylacetate 2,3-oxygenase (Kita, Miyake, Kamimoto, Senoh & Yamano, I 969), an Fe2+-dependent dioxygenase. That it is a dioxygenase would agree with the reports that the bacterial metabolism of naphthalene proceeds via formation of cis-I ,2-dihydroxy-r ,~-dihydronaphthalene (Catterall et al. I 97 I ; Jerina et al. 1971) . It is probable that the cyclic peroxide proposed as an intermediate in this reaction (Jerina et al. 1971 ) is not a distinct metabolic intermediate but rather a reaction intermediate, as has been proposed in both ortho-and meta-ring cleavage dioxygenase reactions, and that it is reduced to the cis-I ,z-dihydroxy-I ,z-dihydronaphthalene by NADH at the same active site; this is endorsed by our observation that there is no O2 uptake in the absence of NAD(P)H.
The main differences in the properties of naphthalene oxygenase and metapyrocatechase are, first, the lack of stability conferred to the former by buffers containing acetone, which makes any further detailed study very difficult and, secondly, the inability of added FeSO, to restore activity after inactivation: this could be due to some structural difference between the two enzymes which does not allow the iron atom when oxidized to the ferric state to readily dissociate from the enzyme, as has been proposed for metapyrocatechase (Nozaki et al. 1968) .
Very similar properties have also been reported for kynurenate hydroxylase (Mori, Taniuchi, Kokima & Hayaishi, I 966), which catalyses a similar transformation of kynurenic acid to 7,8-dihydroxy-7,8-dihydrokynurenic acid, and which is readily inactivated in air, reactivated by reducing agents and requires both Fe2+ ions and NADH. It might confidently be suggested by analogy that the mechanism of kynurenate dihydroxylation also proceeds via a cyclic peroxide to the cis-dihydrodiol as in the case of benzene and naphthalene.
Much similarity also exists between naphthalene oxygenase and the benzene oxygenase from Pseudomonasputida biotype B (Gibson et al. 1968) . The metabolism of benzene proceeds via the cis-benzene glycol, and both atoms derive from gaseous O2 (Gibson, Cardini, Maseles & Kallio, 1970) . Benzene oxygenase requires NADH or NADPH, is inhibited by o-phenanthroline and a,a'-dipyridyl and in cell-free extract kept at 4", 55 yo activity is lost after 24 h., although no report of reactivation by reducing agents has been made. This enzyme also was very unstable in fractionation procedures. On the basis of (NH4)2S04 precipitation the activity was resolved into two fractions, neither of which showed any activity but when mixed were fully active. Our results do not exclude this possibility for naphthalene oxygenase since the limited degree of purification did not resolve even the three (or four) enzymes up to the first ring-cleavage product.
